The expansion of wheat cultivation to new and promising regions has been an alternative to increase Brazilian production. For this purpose, the study of genotypes x environments interaction is essential for the recommendation of new cultivars. The objective of this research was to evaluate the adaptability and phenotypic stability of the grain yield of wheat genotypes grown in 10 environments in the states of São Paulo and Paraná, using Annicchiarico and AMMI methods. The experiments were composed of 20 lines and five commercial cultivars (checks), evaluated in ten environments, in randomized complete block design. The line G19 and the cultivar Ametista were stable in all environments. The G5 line showed specific adaptability to the Apucarana environment. The lines G7, G8, G18, G21 and G24 were adapted to Nova Fatima environments in the two evaluated years. Based on the results, the cultivars for a micro-region in the region of wheat can be recommended. It was verified that in the group of genotypes there is genetic variability, and that the most stability and adaptability, can be used as a source of favorable characteristics in future breeding cycles aimed at the region.
Introduction
Wheat is one of the most produced cereals in the world and Brazil is among the largest importers; approximately 50% of the wheat consumed in the country is imported (Embrapa, 2016) . National production is around five to six million tons and, of this total, more than 90% of production is concentrated in the Southern Region due to cultural and climatic factors (Conab, 2016) . However, cultivation in other regions such as the Southeast and Midwest becomes an excellent alternative to increase and decentralize the Brazilian production.
The expansion of wheat cultivation will reduce the oscillation of production, which is common due to the climatic adversities of the South region (Condé et al., 2010) . For the adoption and development of cultivars in new environments, the genotype vs. environment interaction should be kept in mind, as this leads to distinct responses of genotypes when submitted to different environmental conditions, affecting their performance and reducing the relationship between genotype and phenotype (Yan & Holland 2010) .
According to Cruz & Carneiro (2006) , the genotype x environment interaction occurs due to two components; one is called the simple component, which is caused by the difference between genotypes, and another is called complex, caused by the lack of correlation between genotypes. Low correlation between genotypes and phenotypes indicates that the best genotypes in a given environment may not perform the same in another environment.
The effect of the genotype x environment interaction makes selection more complex due to the difficulty of finding superior genotypes in a wide range of environments. However, to assist in the selection process, some statistical methods help to understand the interaction, making the results more accessible to breeders (Ramos et al., 2011) . Among the statistical methods employed for evaluation of stability and adaptability parameters are the Annicchiarico (1992) and the AMMI (Additive Main effects and Multiplicative Interaction) (Zobel et al., 1988) methods.
The AMMI analysis is efficient for selecting genotypes, since it allows the best detailing of the sum of the squares of the interaction. The method combines the additive components for the main effects, genotypes and environments and multiplicative components for the interaction effects into a single mathematical and statistical model, (García-Peña & Dias 2009 ).
The Annicchiarico (1992) method is based on the analysis of joint variance of the experiments, with later decomposition of the sum of squares of the effects of the environments and of the interaction genotype x environment, in the effects of environments within each genotype (Cruz & Carneiro 2006) .
The objective of this work was to evaluate the phenotypic adaptability and stability of the productivity of wheat genotypes grown in ten environments in the states of São Paulo and Paraná using the Annicchiarico and AMMI methods.
Material and Methods
The experiments were conducted in 10 environments, six in 2011 and four in 2012, in municipalities located in the states of Paraná and São Paulo. Data are presented in Table 1 , as well as the climatological information of each environment.
The experiments are part of the trials of value for cultivation and use (VCU) of the Wheat Genetic Improvement Program of the OR Melhoramento Ltda. company. Twenty-five genotypes were evaluated in each experiment, being 20 strains in VCU phase and five commercial wheat cultivars (Table 2) .
Wheat strains were obtained from breeds destined to the adaptation region 3 (warm, moderately dry and altitude below 800 m), according to the Brazilian Wheat and Triticale Research Commission (2014) The basic fertilization was carried out according to environment soil analyses. The cover fertilization was 120 kg ha -1 of nitrogen, distributed in two applications, the first in the tillering phase and the second in the crop elongation phase, following the recommendations of the Brazilian Wheat and Triticale Research Commission (2014).
Phytosanitary control was carried out with fungicide sprays of Strobilurin and Triazole chemical groups with Azoxystrobin and Ciproconazole, respectively, as active ingredient at dosages recommended by the manufacturer. Weed control was performed in pre-sowing with desiccation of the area and in post-emergence to control unwanted plants, according to the need. The control of insect pests was carried out when the level of economic damage was reached.
The experimental units were harvested using a specific automated harvester for experimentation. Grains harvested in each plot of each experiment were submitted to the process of drying in a gas dryer until reaching a moisture content of 13%. After drying, grains were cleaned, weighed on a precision scale and the yield was expressed in kg ha -1 . The estimated values of stability and adaptability by AMMI methodology (Zobel et al., 1988) were calculated by the statistical mathematical model:
The results of the AMMI method are presented in a biplot graph representing both, genotypes and environments. The scores of the interaction between genotypes and environments are represented in the biplot axes through PCAI (principal component analysis of the interaction).
Stability values calculated by the Annicchiarico method (1992) are demonstrated by the mathematical-statistical model:
where: Y ij -average response of genotype i (i = 1, 2, ..., 25) in the environment j (j = 1, 2, ..., 10); μ -overall mean of the tests; g i -fixed effect of genotype i; a j -random effect of the environment j; λ k -k-th singular (scale) value of the original interaction matrix (denoted by GA); γ ik -element corresponding to the i-th genotype in the k-th singular column vector of the GA matrix; α jk -element corresponding to the j-th environment in the k-th singular vector line of the GA matrix; ρ ij -noise associated with the term (ga) ij of the classical interaction of genotype i with environment j; ( ) ( ) ( ) ( )
where: Data were submitted to individual analyses of variance. The homoskedasticity was verified by means of the Hartley's maximum F test and the normality of the errors by the chisquare normality test, after which the analysis of joint variance involving the different culture environments was performed. The stability of the yield of the grains was evaluated using the Annicchiarico (1992) method, using the GENES software (Cruz 2013 ) and the methodology using AMMI multivariate analysis (Zobel et al., 1988) in the Estabilidade software (Ferreira 2000) .
Results and Discussion
The results of the joint analysis of variance showed a significant effect (P < 0.01) of genotype and environment as well as of the interaction term over grain yield. Presence of significant interaction indicates that there was variation in the performance of genotypes due to the variation of environments (Table 3) . The low variation coefficient (VC%) shows good experimental accuracy. According to Brasil (2008) , wheat trials must present VC below 20% to demonstrate good experimental accuracy.
In Table 4 are the average values of grain yield of the 25 genotypes evaluated in the ten environments; variation coefficients (VC%) below 7% indicate good experimental precision.
The strains showed environment influence, mainly due to rainfall, altitude and frost occurrence, which affected the grain yield. In the Taquarivaí and Apucarana environments, sowing was carried out at the beginning of May 2011, after rain, and germination occurred well, but there were no more precipitations during this month (Table 1) , which probably interfered with the number of tillering, reducing the number of grains per area and compromising grain yield. The leaf area reduction provided by the low precipitation in the early stages of wheat reduces the photosynthetic rate, the main active factor in grain yield (Lawlor & Uprety 1993) .
In Apucarana, in 2011, frosts occurred during the grain filling phase, contributing to low productivity. Meanwhile, in 2012, average grain yield was 4,061 kg ha -1 , as good water and altitude conditions allowed the genotypes to express their genetic potential (Tables 1 and 4) . None of the evaluated strains remained statistically in the most productive group in all environments, which makes selection more complex. To assist in the selection process and to find superior genotypes in a wide range of environments, the AMMI and Annicchiarico statistical methods were used.
In the AMMI analysis, the first three main components were significant according to the F test for wheat yield. The accumulated explanation of the first three axes was 57.37%, and for this, 41.66% of the degrees of freedom that make up the SQ GxA were used (Table 3 ). The higher the explanation of the first axes, the higher is the concentration of the pattern, and the lower is the concentration of noise in the AMMI analysis (Oliveira et al., 2003) .
In the AMMI1 biplot model ( Figure 1A) , the x axis represents the grain yields and the y axis, the first interaction axis (PCAI1). Genotypes and environments that are close to zero in the PCAI1 are the most stable, and the most distant from zero are more adapted to specific environments and contribute more to the genotype x environment interaction.
The G6, G11, G16 and G20 strains were the most stable, but only G6 and G20 were above average. The G4, G5, G19 strains and the G25 (Amethyst) controls showed good stability and above-average productivity; G3 showed good stability, but productivity was below the average ( Figure 1A) .
The strains that contributed the most to the interaction, i.e. the least stable, were G1 and G18, presenting the highest coordinates of PCAI1 and productivity close to the overall average.
The environments A2 (Taquarivaí) and A9 (Pallotina2) were stable, but unfavorable, because productivities were the lower, with 2,680 kg ha -1 and 2,674 kg ha -1 , respectively. However, the A3 environment (Pallotina1) presented good stability and above-average productivity (4,110 kg ha -1), which shows that this is a good environment for genotype selection in early stages of the breeding program because it is more stable, and does not favor the selection of genotypes that are specific to a given environment, such as the environments A1 (Cruzália1), A7 (Nova Fátima2) and A10 (Apucarana2), which are specific. The environment A5 (Nova Fátima1) was the most productive and with medium stability (Figure 1A) . The environment with the lowest productivity was A6 (Apucarana 1 ) with 1,956 kg ha -1 , below the overall average of the experiments, due to frost in the region. On the other hand, Nova Fatima (A5 and A7) stood out in grain yields in the two years of cultivation: 6,020 kg ha -1 and 5,437 kg ha -1 , both surpassing the average (Figure 4 ). This environment has been favorable to cultivation of wheat, and cultivars with high genetic potential should be recommended and adapted in this region.
We verified that altitude was a factor that influenced productivity in the environments. Cruzalia, Taquarivaí and Palotina have lower altitudes, 600 meters, and were not ideal for wheat cultivation, with grain yield below the average of the experiments (2,601 kg ha -1 , 3,149 kg ha and 2,674 kg ha -1 , respectively). The environments with higher altitudes, namely Astorga, Apucarana and Nova Fátima, had better conditions for the genotypes to express their genetic potential, resulting in grain yield (4,275 kg ha -1 , 4,061 kg ha -1 , 6,020 kg ha -1 , 5,437 kg ha -1 , respectively) ( Figure  1A ). According to Monteiro (2009) , the ideal conditions for cultivation of wheat are found in the higher altitudes, in the so-called cold and humid zone.
In Figure 1B , in which the AMMI3 model is represented, the G3, G4, G11, G19 and G20 strains showed high stability. They are close to the center of the graph and were the strains that contributed least to the genotype x environment interaction, that is to say, these genotypes did not respond to environmental improvement, but had similar productivity in all environments, with values of 3,419 kg ha -1 , 3,725 kg ha -1 , 3,538 kg ha -1 , 3,852 kg ha -1 and 3,752 kg ha -1 , respectively. Among the stable strains, G4, G19 and G20, whose grain yields were higher than the overall average of the experiment (3,696 kg ha -1 ), stood out. The highest grain yields are usually obtained when a specific adaptation occurs between the genotype and the environment, such as the environment A7 (Nova Fátima 2 ), where the G18 strain better expressed its genetic potential, reaching the highest grain yield of the experiment (6,278 Kg ha -1 ). In the same plot, G18 strain and controls G23 (BRS220) and G24 (Topaz) demonstrated specific adaptation to environment A5 (Nova Fátima 1 ). Notably, the two environments represent the same place, but in different years.
The G13 strain presented specific adaptability to the environment A4 (Astorga1), where it presented the highest grain yield, with 4,945 kg ha -1 ( Figure 1B ). G22 (CD104) was adapted to environments A1 (Cruzalia 1 ) and A6 (Apucarana 1 ), demonstrating that this cultivar adapts well to environments that do not present the ideal conditions for culture, since the two environments presented the lowest average grain yield.
The G1, G2, G10 and G14 strains were adapted to the environment A8 (Cruzalia 2 ), indicating that these strains adapted well to the environment that presented ideal conditions for wheat cultivation, since this environment had high average productivity. Identifying genotypes with specific adaptability aids the identification of which environments are the most suitable for the planting of these cultivars/strains.
It is interesting to note that the locations where the experiments were conducted in two harvests, such as Cruzalia (A1 and A8) and Nova Fátima (A5 and A7), remained in the same quadrant in the graph, confirming the characteristics of each environment. Meanwhile in the environments Palotina (A3 and A9) and Apucarana (A6 and A10), where there were problems with frost, the environments did not remain in the same quadrant ( Figure 1B) . Silva & Benin (2012) concluded that the AMMI1 model can be used to select mainly the best growing environments and genotypes that present higher average performance.
The Annicchiarico (1992) method seeks to find genotypes with stable behavior in the evaluated environments. This method estimates confidence indices (ωi) for favorable and unfavorable environments and environments in general, which allows estimating the risk of adopting a particular genotype in relation to the other evaluated genotypes. Thus, the higher is the confidence index (ωi), the higher is the probability of success of the genotype (Oliveira et al., 2007) .
In Table 5 the environments are classified according to the Annicchiarico (1992) Confidence indices (ωi) ( Table 5 ) are generated from the average yield values of the genotypes in relation to the average of the environments. Thus, the greater the value of ωi, the greater is the chance of success of choosing a genotype and the greater is the reliability of this choice (Cruz & Carneiro 2006) .
Only 28% of the genotypes studied were above the Annicchiarico confidence index (ωi) for overall productivity, but slightly above 100% (Table 5 ). The G2, G5, G9, G12, G19 strains and the Amethyst and Quartz controls showed the highest stability with ωi indices, maintaining productivity above the average even under different environmental conditions (Table 5) .
For environments considered favorable, the G2, G6, G17, G18, G19 and G20 strains and the Topazio, Quartz and BRS 220 controls were the most stable genotypes (Table 5) . Condé et al. (2010) evaluated wheat genotypes in divergent, irrigated and rainfed environments and found genotypes responsive to favorable environments and with low ωi, similar to the ones found in the present work.
The G2, G4, G5, G7, G9, G12, G14 strains and the Amethyst and Quartz controls presented the best confidence index in unfavorable environments (Table 5 ). This shows that these genotypes maintained good levels of grain yield even in environments that did not provide favorable conditions for cultivation.
The G2 strain and the Quartz control were the only genotypes that showed a confidence index above 100% in favorable, unfavorable and overall environments, as well as the highest productivity averages of 3,905 kg ha -1 and 3,928 kg ha -1 , respectively. Thus, it can be inferred that these genotypes are the most stable in the studied environments, considering this group of genotypes (Table 5) .
The G6, G17, G18, G20 strains and the Topazio and BRS 220 controls were responsive only to favorable environments; under these conditions the genotypes expressed better their genetic potential (Table 5) .
The genotype with the lowest overall ωi and in unfavorable environment was the G16 strain, and in favorable environments, the CD 104 showed the lowest ωi (Table 5) . These results are corroborated by Condé et al. (2011) who evaluated the stability of wheat genotypes in Minas Gerais and found that the genotypes remained close to the confidence index.
The evaluation of stability by the Annicchiarico method has been used by many authors and in several species, such as soybean (Barros et al., 2012) and rice (Ramos et al., 2011) . Schmildt & Cruz (2005) evaluated different methods of stability and concluded that the Annicchiarico method was the more reliable than Eberhart and Russell because of the ease of interpretation, the precision in the indication of cultivars for each type of environment and because of the fact that the method presents only one parameter of interpretation while Eberhart and Russell's method uses four parameters. Pereira et al. (2009a) recommend the use of the Annicchiarico method for the selection of bean cultivars.
The methods identified different genotypes as the most stable, presenting divergence in the results, and only the G19 strain and the Amethyst control showed a coincidence between the two methods.
The Annicchiarico method identified the strains and controls that presented the higher grain yields, namely G2, G5, G9, G12, G19, Quartz and Amethyst, as the more stable. Pereira et al. (2009b) identified the more productive genotypes as the most stable, also using the Annicchiarico method. This is because the method evaluates the superiority of the genotypes, adopting the best genotypes in each environment and the average of each environment (Silva Filho et al., 2008) .
The AMMI method informs the contribution of genotypes to the genotype x environment interaction; the ones that contributed least to the interaction are the most stable (Silva & Duarte 2006) . In this study, the G3, G4, G11, G19 and G20 strains and the Amethyst control showed general stability. The method also identifies genotypes with specific adaptation to environments and the stability of environments (Silva Filho et al., 2008) , important information to the breeding program, since the identified stable environments can be used in the initial selections and to identify environments that represent a region for value for cultivation and use (CUV) tests.
The Annicchiarico and AMMI methods used together, taking into account the particularity of each method, provide important information to breeders for deciding which genotypes must be kept in the breeding program.
In this work, the AMMI method gave information that helps to efficiently segregate the environments within a growing region and which informations represent it, thus minimizing the number of experiments and reducing costs. Stable environments can be used for CUV selections and experiments, since such unbiased environments represent well the region. However, in environments with favorable conditions for cultivation, the cultivars with the greatest genetic potential should be used.
The Annicchiarico method contributes to the breeding program by identifying strains that are stable and productive, such as the cultivars with the highest recommendation to favorable and unfavorable environments. Thus, the joint use of these methods make it possible to target the strains more efficiently to the environments in which the genetic potential will be expressed to the full. Pereira et al. (2009b) and Silva Filho et al. (2008) recommend the concomitant use of methods to evaluate phenotypic stability and adaptability to aid in decision making.
Conclusions
The G19 strain and the Amethyst control were stable in all environments and can be recommended for the whole tritícola region. Table 5 . Average grain yield (AGY), index and environmental classification, estimation of the Annicchiarico confidence index (ωi) for wheat grain yield (YG) in all (overall), favorable and unfavorable environments.
Classification of environments Environments
Year MPG (kg ha -1 )
Index (ωi) Class
The G5 strain showed specific adaptability to the Apucarana environment. The G7, G8, G18, G21 and G24 strains were adapted to the Nova Fatima environment in the two evaluated years.
Cultivars are recommended for a micro-region within the tritícola region, increasing the productive efficiency.
The group of genotypes have genetic variability, and the most stable and adapted genotypes can be used as a source of favorable characteristics in future breeding cycles aimed at the studied region.
